This paper investigates daily volt/var control in distribution networks using feeder capacitors as well as substation capacitors paired with on-load tap changers. A twostage coordinated approach is proposed. Firstly, the feeder capacitor dispatch schedule is determined based on reactive power heuristics. Then, an optimisation model is applied to determine the dispatch schedule of the substation devices taking into account the control actions of the feeder capacitors. The reference voltage of the substation secondary bus and the tap position limits of transformers are modified such that the model adapts to varying load conditions. The optimisation model is solved with a modified particle swarm optimisation algorithm. Furthermore, the proposed method is compared with conventional volt/var control strategies using a distribution network case study. It is demonstrated that the proposed approach performs better than the conventional strategies in terms of voltage deviation and energy loss minimisation.
Introduction
Control of volt and var devices such as on-load tap changers (OLTC) and shunt capacitors affects the voltage profile and the total power loss in distribution networks [1] .
Dispatch of the volt/var control (VVC) resources can be performed in a coordinated manner in constrained environments to meet specific operational objectives [2, 3, 4, 5 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] . The complexity of the objective function, constraints, and computation is influenced by, among others: regulatory limits, switching limitations and available control devices. The focus of this paper is daily VVC with switching restrictions, which is usually applied to networks with widespread communication and control coverage [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] . The ad-10 ditional requirement of this VVC approach is a day-ahead forecast of load behaviour, which is made possible by the existence of load forecasting techniques that provide good accuracy [18] , [19] .
Daily coordinated control of all distribution devices is computationally complex, but there are a number of ways to deal with this difficulty. One way to approach this is to 15 simplify the solution space so as to reduce the computational burden. For instance, the requirements of dynamic programming can be eased according to [8] , [9] , [11] , while a more efficient solver based on the interior-point method is presented in [17] . In [10] the number of possible states is decreased by combining artificial neural networks, a rulebased method and dynamic programming. Use of heuristic rules can also reduce the 20 number of possible device operations, therefore simplifying the optimisation model [13] .
These methods address the issue of computational complexity but the requirements for remote control infrastructure remain for network-wide implementation. Another alternative is to divide the scheduling problem into two sub-problems: one handling the dispatch of the substation capacitor (SC) and OLTC, and the other controlling the 25 feeder capacitors (FCs) [12] . In particular, dispatch of the substation devices minimises reactive power-flow and the voltage deviation at the substation bus. FCs are then dispatched based on local bus voltage and power factor deviations using a fuzzy control scheme after the substation devices have been dispatched. The final states of the FCs are found when the bus voltage is within permissible limits. In [20] the total loss and 30 voltage deviations at load buses are minimised through dispatch of all capacitors. The OLTC is controlled in real-time to keep the substation secondary bus voltage close to the set-point that incorporates the voltage change caused by the capacitors. In these previous approaches, the objectives specified for the substation control problem focus only on the secondary bus at the substation. The rest of the buses are considered in 35 the control schemes for capacitors.
In this paper, a two-stage approach to daily VVC is presented with the devices controlled in a different manner. Firstly, a strategy to determine the FC dispatch schedule is developed using reactive power set-points. Then, with the FC schedule as input, coordination of the SC and OLTC is formulated as an optimisation problem.
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The advantage of this approach is that the voltage deviations can be reduced further by adjusting the transformer tap ratio together with the capacitor on/off statuses.
The reason is that, unlike capacitors, transformers equipped with OLTCs usually have a larger control range, smaller discrete steps and provide direct voltage adjustments. The FC control problem is solved with a heuristic method while the OLTC and SC control problem is solved by particle swarm optimisation (PSO) with consideration of the discrete nature of the control variables. The performance of the proposed approach is analysed in relation to various implementations of conventional VVC. Simulation 60 results show that the proposed approach minimises both the voltage deviations and the total energy loss while conventional control considers one objective at a time depending on specified settings.
The remainder of this paper is structured as follows. Section 2 gives a brief introduction of conventional VVC methods. Section 3 presents the proposed control strategy.
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A case study is described, followed by a discussion of results in Section 4. Section 5 concludes the study. 
where ∆u t TAP is the number of tap movements required to bring the voltage V t into the deadband, V db ; V set is the voltage set-point. The deadband setting is, in general,
70
selected in a way that avoids unnecessary operations [22] . The voltage set-point decision considers feeder losses and voltage regulation limits [23] .
Capacitor control aims to reduce reactive power-flow through the substation transformer or the distribution feeder. In this way, the total loss is minimised. The use of capacitors also has the effect of raising voltage in addition to providing reactive 
Feeder Var Control (FVC)
A heuristic scheduling technique based on the substation feeder reactive power profiles is proposed for FVC. The aim of this method is to minimise reactive power-flow 100 through the transformer without SC and OLTC control. Furthermore, the total number of operations for the FCs during the scheduling period must not exceed the permissible limit.
The objective of FVC is to minimise feeder reactive power-flow as described below:
subject to
(1) power-flow balance at switching interval t:
(2) FC switching effort:
where Q t sub,n is the reactive power through the distribution feeder n at the substation. P 
Calculation of the FC Switching Sequence
The FCs are switched on/off if the resulting status decreases the reactive power flowing through the distribution feeders. The control actions of the FCs at interval t are calculated using
where Q t seg,n is the reactive power-flow at the head of the lateral or segment where the FC is connected. For a feeder that does not have laterals, Q t seg,n = Q t sub,n . Q F d is reactive power rating of the capacitor. z 1 and z 2 are switching parameters selected based on 120 the feeder reactive power-flows at the substation. z 2 is smaller than z 1 and the two parameters satisfy 0 < z 1 ≤ 1 and −1 ≤ z 2 < 0.
The operation sequence of FCs are assigned locational priority and their operation is determined sequentially using (5). The switch status of the capacitor furthest from the substation, is determined first whereas that of the nearest capacitor is last in line.
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The resulting capacitor statuses affect bus voltage magnitudes, but it is not necessary to consider voltage regulation in (1)-(5) because the bus voltages are kept within the upper and lower limits by the SC and OLTC control described in Section 3.3.
Optimal Substation Control (OSC)
The total energy loss and the secondary side voltage deviations minimisation problem can be formulated as:
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(1) bus voltage limits:
(2) power-flow balance at interval t: (2) and (3) Some tap positions within the allowable range do not produce feasible bus voltages under time-varying loading conditions. Therefore, the search space is reduced by further narrowing the tap range from [T min , T max ] to probable tap positions that lead to the lowest voltage deviations. Using the expression derived in [8] , the ideal tap ratio is first approximated as
then the tap position range is modified as follows: 
OSC Solution Algorithm
The solution algorithm presented in this section solves the problem described in (6)- (10) . Since the standard PSO addresses continuous problems, it is modified in the proposed approach to cater for discrete variables. The resulting algorithm is similar to that presented in [24] . The particle p position vector is represented by x x x p = x 
where round() indicates that the result is rounded off to the nearest discrete value;
x x x k 1p (pbest) is the best position of particle p, and x x x k 1g (gbest) is the best position of the whole particle group; c 1 and c 2 are acceleration constants which satisfy c 1 + c 2 = 4; (7)- (4), the penalty approach described in (13) is implemented
where p is the penalty coefficient. J 1 and J 2 are defined in 6. h u is an expression The following PSO parameter settings are employed: particle population size of 100; acceleration constants are set as c 1 = c 2 = 2; the inertia term, w = 0.5 + 1/2(ln k + 1),
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where k is the iteration count. v max is set at about 25% of the variable range; v min = −v max .
FVC-OSC Flowchart
FVC-OSC is based on a low-complexity approach to VVC. Consider a system with four FCs, one SC and one OLTC for a scheduling period of 24 h. A heuristic technique is Furthermore, the proposed model is suitable for networks with extensive control capability and those with remote control at the substation but not downstream. The latter may even be a case of intentional selective upgrading of existing infrastructure.
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This is preferred when the transition to a fully automated network is not possible because of the prohibitive cost of upgrades [25] , [26] . Since FVC is an independent form of control, it can be implemented in a similar manner to conventional time control.
Implementation of the FVC-OSC model in a distribution network incapable of remote FVC would require a local controller, which would be loaded with hourly control actions.
175
The procedure that is followed to solve the VVC problem is summarised below and illustrated in Fig. 2 . Otherwise return to step 4.
Case Study and Results Discussion
The distribution network depicted in Fig. 3 is used for performance evaluation of 190 conventional control, the optimum settings approach (OSA) and FVC-OSC. Full details of the network can be found in [27] , [28] . The demand at each load bus peaks at 1.4 MVA and has the P per day is 30. All capacitors can only be operated 8 times a day at the most. Two cases of conventional control, CC-A and CC-B, which refer to AVR combined with time-based capacitor control at different set-points (V set ) are investigated for comparison purposes.
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The settings used for conventional control are shown in Table 1 . For both CC-A and CC-B, the SC is switched on, at 07:00, as the load rises towards peak demand and switched off, at 16:00, as the load approaches minimum demand.
OSA introduces some improvement to conventional control. As described in [27] , these settings are derived from heuristic rules which aim to coordinate the OLTC, SC
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and FCs to minimise losses and satisfy the bus voltage constraint. In brief, losses in a traditional distribution network without distributed generation can be minimised by making V set high but below V max and selecting V db in a way that keeps the actual voltage close to V set but does not cause too many tap movements. The SC set-points, Q on and Q off , are based on the reactive power-flow through the substation transformer.
210
The FC set-points denoted by V on and V off depend on the bus voltage thresholds at the point of connection. Here, V db is selected such that the number of tap movements does not exceed u max T . The same settings as in [27] are used in this case study as shown in Table 2 .
Regarding the proposed FVC-OSC approach, z 1 = 0.5 and z 2 = −z 1 are used for Table 2 Optimum Settings because the algorithm explores a narrower search path defined by fewer tap positions.
In other words, the algorithm is directed towards more feasible solutions within the preset maximum number of iterations. Details of the statistical results reached by the two cases are shown in Table 3 .
FVC-OSC and Conventional Control Comparison
240 Table 4 shows the summarised results for the base case, conventional control and FVC-OSC. The purpose of the base case is to illustrate a system without VVC, in which the transformer tap position is fixed at nominal tap and the SC status is off.
For conventional control, the voltage is kept within the specified deadband at bus 1 as illustrated in Fig. 6 . On the contrary, the voltages at other buses fluctuate with load.
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Hence the lower voltage limit is violated at bus 9 and at bus 10 during the day for CC- These voltages are produced by conventional control and FVC-OSC when the load demand is at its maximum at 11:00. It can be seen that the voltage is closer to 1 pu 265 and more uniform for FVC-OSC than for CC-A and CC-B. The tap movements and capacitor control actions resulting from the cases under study are displayed in Fig. 8 .
In all scenarios, the number of device operations remained below the specified limits although FVC-OSC resulted in the highest of all four. It can be observed that in FVC-OSC, the OLTC raises the transformer tap position higher than in CC-A and CC-B, 270 most notably at peak load. As expected, FVC-OSC produces the highest loss reduction during this period.
In the presence of load forecast errors, specifically between -1% and 18%, FVC-OSC As previously mentioned, the total number of operations produced by FVC-OSC is higher than that of conventional control. It is desirable to determine how the optimal solution is affected by the number of capacitor and OLTC operations. The relationship between the maximum allowed number of operations, the VDI and the total daily loss is shown in Table 5 and Table 6 . For OLTC switching limits over 25, the number of 285 feasible solutions increases together with the OLTC switching operations but, the best solution is not improved. The same pattern is displayed for capacitor control action limits over 6. For OLTC movements under 20 and capacitor control actions below 6, the VDI and the total loss increase as the number of operations drops. It is difficult for FVC-OSC to provide feasible solutions as the switching requirements become more 290 stringent. In this case study, the algorithm cannot provide solutions which satisfy (8) and (4) when the limits on OLTC movements and capacitor operations are lower than nine and two respectively.
FVC-OSC and OSA Comparison
In this scenario, two more FCs are connected to bus 4 and bus 9, resulting in four 
